Thalamocortical neurons in dorsal lateral geniculate nucleus (dLGN) dynamically convey visual information from retina to the neocortex. Activation of metabotropic glutamate receptors (mGluRs) exerts multiple effects on neural integration in dLGN; however, their direct influence on the primary sensory input, namely retinogeniculate afferents, is unknown. In the present study, we found that pharmacological or synaptic activation of type 1 mGluRs (mGluR 1 s) significantly depresses glutamatergic retinogeniculate excitation in rat thalamocortical neurons. Pharmacological activation of mGluR 1 s attenuates excitatory synaptic responses in thalamocortical neurons at a magnitude sufficient to decrease suprathreshold output of these neurons. The reduction in both NMDA and AMPA receptor-dependent synaptic responses results from a presynaptic reduction in glutamate release from retinogeniculate terminals. The suppression of retinogeniculate synaptic transmission and dampening of thalamocortical output was mimicked by tetanic activation of retinogeniculate afferent in a frequency-dependent manner that activated mGluR 1 s. Retinogeniculate excitatory synaptic transmission was also suppressed by the glutamate transport blocker TBOA (DL-threo-␤-benzyloxyaspartic acid), suggesting that mGluR 1 s were activated by glutamate spillover. The data indicate that presynaptic mGluR 1 contributes to an activity-dependent mechanism that regulates retinogeniculate excitation and therefore plays a significant role in the thalamic gating of visual information.
Introduction
The lateral geniculate nucleus (LGN) is the primary thalamic relay that receives excitatory inputs from both the ascending retinal fibers and descending cortical fibers from layer 6 of the visual cortex (Jones, 1985; Guillery, 1996, 2002) . Retinogeniculate synapses, although making up a small number of excitatory synapses (5-10%), are powerful and effective in driving action potentials with precise timing to dynamically relay the visual information from retina to the cortex (Sherman and Guillery, 1996; Chen and Regehr, 2000; Augustinaite and Heggelund, 2007) . Synaptic transmission at the retinogeniculate synapse is mediated via ionotropic glutamate receptors consisting of both AMPA receptors (AMPARs) and NMDA receptors (NMDARs) (Salt, 1986 (Salt, , 2002 Scharfman et al., 1990; Chen and Regehr, 2000; Kielland and Heggelund, 2002) .
Metabotropic glutamate receptors (mGluRs) are a family of G-protein-coupled receptors involved in the modulation of synaptic transmission and neuronal excitability throughout the CNS (Nakanishi, 1994; Conn and Pin, 1997; Niswender and Conn, 2010) . Glutamate acts on at least eight subtypes of mGluRs that are further classified into three groups based on sequence similarity, intracellular second messenger involvement, and agonist sensitivity (Nakanishi, 1992; Conn and Pin, 1997) . Group I mGluRs consisting of mGluR 1 and mGluR 5 exhibit distinct distribution and physiological effects within the dLGN (Godwin et al., 1996a,b; Vidnyanszky et al., 1996; von Krosigk et al., 1999; Turner and Salt, 2000; Cox, 2004, 2006b; Alexander and Godwin, 2005) . It has been shown that corticothalamic stimulation activates mGluR 1 on thalamocortical neurons and this mechanism serves to switch firing mode from "burst" to "tonic" firing via a postsynaptic depolarization of thalamocortical neurons (McCormick and von Krosigk, 1992; Salt, 1998, 2000) . In contrast, stimulation of the retinogeniculate pathway does not produce an mGluR 1 -mediated depolarization of thalamocortical neurons (McCormick and von Krosigk, 1992; Turner and Salt, 1998; Govindaiah and Cox, 2006a) . However, high-frequency retinogeniculate stimulation activates mGluR 5 on interneuron dendrites leading to increased GABAergic inhibition onto thalamocortical neurons (Govindaiah and Cox, 2006b; Govindaiah et al., 2012) . Recent studies have shown that activation of both mGluR 1 and mGluR 5 regulates GABA A receptor-mediated tonic inhibition (Errington et al., 2011) . Furthermore, in vivo studies have shown that activation of mGluR 5 modulates visual responses of dorsal LGN (dLGN) neurons (de Labra et al., 2005) . These findings are consistent with the anatomical evidences showing the distribution mGluR 5 on dendrites of interneurons and mGluR 1 on dendrites of thalamocortical neurons (Godwin et al., 1996b; Vidnyanszky et al., 1996) . Studies also have shown that mGluR 1 s are involved in generation of intrinsic slow oscillations found during wakeful state in thalamocortical neurons in vitro with identical properties to those observed in vivo (Hughes et al., 2002) . In contrast to group I mGluRs, activa-tion of group II and group III mGluRs dampen corticogeniculate synaptic transmission via presynaptic mechanisms Salt, 1998, 1999; Alexander and Godwin, 2005) .
It is unclear how diverse actions of mGluRs at different presynaptic and postsynaptic locations shape thalamocortical output. The present study was aimed at investigating the role of mGluRs on excitatory transmission at the retinogeniculate synapse and its influence on thalamocortical output. We found that the activation of mGluR 1 in an activity-dependent manner abolishes action potential output in thalamocortical neurons via reduced afferent synaptic excitation mediated by NMDAR and AMPAR currents. Thus, presynaptic mGluR 1 may act as low-pass filters to narrow the frequency range of information transmitted at the retinogeniculate synapse.
Materials and Methods
All experimental procedures were performed in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by the University of Illinois Animal Care and Use Committee. Care was taken to use the minimal number of animals necessary to complete this series of experiments, and animals were deeply anesthetized to prevent any possible suffering.
Brain slice preparation. Thalamic slices were prepared from Sprague Dawley rats of either sex (postnatal age, 14 -21 d) as previously described (Govindaiah and Cox, 2004) . Briefly, animals were deeply anesthetized with sodium pentobarbital (50 mg/kg) and decapitated, and brains placed into cold (4°C), oxygenated (95% O 2 /5% CO 2 ) slicing solution containing the following (in mM): 2.5 KCl, 26 NaHCO 3 , 2.5 KCl, 1.25 NaH 2 PO 4 , 10 MgCl 2 , 2 CaCl 2 , 234 sucrose, and 11 glucose. Parasagittal or coronal slices (250 -300 m thickness) were cut at the level of dLGN using a vibrating tissue slicer. The slices were incubated in oxygenated (95% O 2 /5% CO 2 ) artificial CSF (ACSF) containing the following (in mM): 126 NaCl, 26 NaHCO 3 , 2.5 KCl, 1.25 NaH 2 PO 4 , 2 MgCl 2 , 2 CaCl 2 , and 10 glucose at 32°C for at least 60 min before recording.
Whole-cell recording procedures. Whole-cell recordings were obtained from dLGN neurons, as described previously (Govindaiah and Cox, 2004) . Briefly, individual brain slices were transferred to a recording chamber that was maintained at 32°C and continuously perfused with ACSF (3.0 ml/min). Neurons were visualized using a Zeiss microscope equipped with differential interference contrast optics. Recording pipettes were pulled from borosilicate glass capillaries and filled with an intracellular solution containing the following (in mM): 117 K-gluconate, 13.0 KCl, 1 MgCl 2 , 0.07 CaCl 2 , 0.1 EGTA, 10 HEPES, 2 Na-ATP, and 0.4 Na-GTP. The pH and osmolality of internal solution were adjusted to 7.3 and 290 mOsm, respectively. Recordings were obtained using a Multiclamp 700B amplifier (Molecular Devices). Access resistance (Ͻ15 M⍀) was monitored continuously throughout the experiment, and neurons in which access resistance changed by Ͼ20% were discarded. Data were filtered at 2.5 kHz, digitized at 10 kHz, and analyzed using pCLAMP 9 (Molecular Devices) or MiniAnalysis (Synaptosoft) software. A 10 mV junction potential was subtracted for all voltage recordings. Synaptic responses were evoked by electrical stimulation using a monopolar electrode placed in the optic tract (OT). Synaptic responses were evoked with various intensities (25-400 A) and frequencies (0.5-200 Hz) at 5-10 s interstimulus intervals (ISIs). AMPAR-dependent EPSCs were evoked at a holding potential of Ϫ70 mV in the presence of the NMDAR antagonist D(Ϫ)4-(3-phosphonopropyl)piperazine-2-carboxylic acid (D-CPP) (10 M) and GABA A receptor (GABA A R) antagonist 4-[6-imino-3-(4-methoxyphenyl)pyridazin-1-yl]butanoic acid hydrobromide (SR95531) (10 M). NMDAR-dependent EPSCs were evoked at a holding potential of Ϫ40 mV in the presence of AMPAR antagonist DNQX (20 M) and SR95531 (10 M).
Concentrated stock solutions of pharmacological agents were prepared and stored as recommended by the manufacturer. Stock solutions were diluted in ACSF to final concentration just before use. Agonists were applied via a short bolus into the input line of the recording chamber using a syringe pump. After 5 min of baseline recording, the group I mGluR agonist ( R, S)-3,5-dihydroxyphenylglycine (DHPG) or nonselective mGluR agonist (1S,3R)-1-aminocyclopentane-1,3-dicarboxylic acid (ACPD) was applied for 20 -45 s. All antagonists were bath applied at least 5-10 min before agonist application. All compounds were purchased from Tocris or Sigma-Aldrich.
Data analysis. Data were analyzed with pCLAMP 9 (Molecular Devices) software. Acute changes induced by mGluR agonists/antagonists application and synaptic stimulation were determined by averaging three to five consecutive responses obtained before, during, and 10 min following agonist application. Data are presented as mean Ϯ SEM. Statistical significance was assessed using Student's t test, with a significance level of 0.05.
Results
In dLGN, activation of mGluRs exerts diverse physiological effects. In general, activation of group I mGluRs (mGluR 1 , mGluR 5 ) produce excitatory effects on interneurons and thalamocortical neurons, respectively (Turner and Salt, 1998; Govindaiah and Cox, 2006) , whereas activation of group II mGluRs hyperpolarizes GABAergic thalamic interneurons (Cox and Sherman, 1999; Cox, 2006, 2009) . Activation of mGluR 1 produces membrane depolarization acting on thalamocortical neurons at corticothalamic synapses, whereas activation of mGluR 5 increases GABA A R-mediated inhibition acting on dendrites of GABAergic interneurons (Govindaiah and Cox, 2006) . We initially examined the effects of the general mGluR agonist ACPD on synaptic responses evoked by OT stimulation in dLGN thalamocortical neurons. At resting membrane potentials, suprathreshold OT stimulation (50 -350 A, 0.1 Hz) elicited action potential discharge in dLGN neurons ( Fig. 1 A, B) . After obtaining stable evoked responses, short bath application of ACPD (75-100 M; 20 -30 s) produced a membrane depolarization that could lead to spontaneous action potential discharge (Fig. 1 A) . At the peak of the depolarization, the membrane potential was manually clamped back to baseline levels by current injection. Under this condition, OT stimulation no longer produced action potential discharge (Fig. 1 A) . Considering a general agonist ACPD could act on multiple receptor subtypes, the selective group I mGluR agonist DHPG was tested in subsets of neurons. Exposure to DHPG (25 M) produced a similar membrane depolarization along with suppression of action potential discharge (Fig. 1 B) .
Considering the reduction in action potential output, we next investigated the actions of mGluRs on EPSPs evoked by subthreshold OT stimulation. Lower stimulus intensities (50 -125 A, 0.1 Hz) were used to evoke EPSPs in thalamocortical neurons (Fig. 1C) . DHPG (25 M) significantly reduced EPSP amplitude and area in 9 of 11 cells in a reversible manner that recovered to baseline levels (Fig. 1Ci) . Overall, the EPSP amplitude was significantly reduced by 43.6 Ϯ 5.7% ( Fig. 1Cii ; control, 17.0 Ϯ 1.9 mV; DHPG, 9.7 Ϯ 1.7 mV; n ϭ 9; p Ͻ 0.001, paired t test), and EPSP area significantly reduced by 66.3 Ϯ 5.2% ( Fig. 1Ciii ; n ϭ 9; p Ͻ 0.002, paired t test).
Retinogeniculate transmission is mediated by both AMPAR and NMDARs (Salt, 1986; Scharfman et al., 1990; Chen et al., 2002) . To examine whether activation of mGluRs differentially affects NMDAR and AMPAR currents, we tested the effects of mGluR agonists on pharmacologically isolated components of the synaptic response. AMPAR-mediated EPSCs were evoked at a holding potential of Ϫ70 mV in the presence of NMDAR antagonist D-CPP (10 M) and GABA A R antagonist SR95531 (10 M). The general mGluR agonist ACPD (100 M) markedly depressed the AMPAR EPSC in a reversible manner (Fig. 2Ai) . Overall, the AMPAR-dependent EPSC was reduced by 40.8 Ϯ 4.3% (Fig. 2 Aiii; n ϭ 6; p Ͻ 0.001, paired t test). We next tested the effects of ACPD on NMDAR EPSCs, which were evoked at a holding potential of Ϫ40 mV in the presence of AMPAR antagonist DNQX (20 M) and SR95531 (10 M). Similar to the AMPAR EPSC, the NMDAR ESPC was significantly reduced by 47.6 Ϯ 2.0% following ACPD application (Fig. 2 Aii,iii; n ϭ 8; p Ͻ 0.001, paired t test). Together, these data indicate that both AMPARand NMDAR-dependent synaptic currents are reduced by mGluR activation.
Activation of mGluR 1 suppresses retinogeniculate transmission
Our initial data indicated that the group I mGluR agonist DHPG significantly suppressed excitatory synaptic responses ( Fig. 1 B, C) . We next tested the actions of DHPG on isolated AMPAR-and NMDAR-mediated EPSCs evoked by OT stimulation. DHPG (25 M) reversibly suppressed the AMPAR EPSC (Fig. 2Bi ,ii). In our sample of cells (n ϭ 9), DHPG significantly attenuated the AMPAR EPSC amplitude by 44.4 Ϯ 4.1% (Fig. 2 Biii; p Ͻ 0.0001, paired t test) and EPSC charge by 52.6 Ϯ 3.2% (Fig. 2 Biv; n ϭ 9; p Ͻ 0.0001, paired t test). As with the AMPARdependent EPSC, DHPG also produced a strong depression of the NMDAR EPSC (Fig. 2Ci ,ii). DHPG significantly reduced the NMDAR EPSC amplitude by 60.8 Ϯ 1.6% ( Fig. 2Ciii ; n ϭ 7; p Ͻ 0.0001, paired t test) and EPSC area by 58.3 Ϯ 1.2% (Fig. 2Civ ; n ϭ 7; p Ͻ 0.0001, paired t test).
We have previously shown that activation of mGluRs can lead to increased GABA A R-mediated activity in thalamocortical neurons via presynaptic dendrites of intrinsic interneurons (Cox and Sherman, 2000; Govindaiah and Cox, 2006b ). To examine whether the suppression of the excitatory synaptic response involves this inhibitory pathway, we tested the effect of DHPG in the presence of the GABA A R antagonist SR95531 on NMDAR EPSCs. In control conditions, DHPG (25 M) produced a reversible suppression of the NMDAR EPSC. Subsequently, in the presence of SR95531 (10 M), DHPG ap- plication still produced a similar suppression of the EPSC. Overall, the NMDAR ESPC was significantly suppressed by 47.3 Ϯ 3.1% (n ϭ 8; p Ͻ 0.0002, paired t test) in control conditions, which persisted in SR95531 (46.6 Ϯ 4.3%; n ϭ 8; p Ͻ 0.0002, paired t test).
Selective antagonists were used to determine whether the DHPG-mediated depression of ESPCs is via mGluR 1 and/or mGluR 5 receptor subtypes. Pharmacologically isolated NMDA EPSCs (see Materials and Methods) were evoked in the presence of the selective mGluR 5 receptor antagonist 2-methyl-6-(phenylethynyl)pyridine hydrochloride (MPEP) (50 M). Under these conditions, DHPG significantly depressed the NMDAR EPSC amplitude in a reversible manner ( Fig. 3A ; 50 Ϯ 2.9% of control; n ϭ 5). Following recovery, the selective mGluR 1 antagonist ( S)-(ϩ)-␣-amino-4-carboxy-2-methylbenzeneacetic acid (LY367385) (100 M) was bath applied. Subsequent application of DHPG did not alter the NMDA EPSC ( Fig. 3Ai-iii; 106 Ϯ 4.4% of control; n ϭ 5; p Ͻ 0.001, paired t test). In a different subset of cells, we tested the antagonistic effects of the mGluR 5 antagonist MPEP. The DHPG-induced attenuation of NMDAR EPSC was unaltered in the presence of MPEP ( Fig. 3Aiv ; DHPG, 46.6 Ϯ 2.6%; MPEP plus DHPG, 49.3 Ϯ 4.2%; n ϭ 6; p Ͼ 0.04, paired t test), further supporting the role of mGluR 1 in suppressing retinogeniculate synaptic excitation. In addition, we tested the effect of the noncompetitive mGluR 1 antagonist 7-(hydroxyimino)cyclopropa[b]chromen-1a-carboxylate ethyl ester (CPCCOEt) on DHPG-induced suppression of NMDAR EPSC. In control conditions, DHPG significantly suppressed NMDAR EPSC to 50.5 Ϯ 1.6% (n ϭ 5; p Ͻ 0.0001, paired t test). In the presence of CPCCOEt (150 M), subsequent application of DHPG did not significantly alter the NMDA EPSC ( Fig. 3B ; 93 Ϯ 4.1% of control; n ϭ 5; p Ͼ 0.5, paired t test).
We also tested the effect of LY367385 on the isolated AMPAR EPSC. Similar to that illustrated in Figure 2 A, DHPG produced a reversible suppression of the AMPAR EPSC. Following recovery, LY367385 (100 M) was bath applied, and subsequent DHPG application did not alter the EPSC amplitude. In the presence of LY367385, the DHPG-mediated suppression of the AMPAR EPSC amplitude was blocked (DHPG, 51 Ϯ 4.3% of control; plus LY367385/DHPG, 102 Ϯ 2.5% of control; n ϭ 7; p Ͻ 0.0001, paired t test). To test the possible contribution of mGluR 5 , we tested whether the selective mGluR 5 antagonist MPEP could alter the DHPG-mediated suppression. In control conditions, DHPG reduced the AMPA EPSC by 50.8 Ϯ 4.5% (n ϭ 5). In MPEP (50 -75 M), DHPG reduced the AMPA EPSC by 43.6 Ϯ 2.4% (n ϭ 5), which did not significantly differ from control conditions ( p Ͼ 0.1, paired t test).
We initially found that DHPG could abolish suprathreshold retinogeniculate excitation of thalamocortical neurons (Fig. 1) . Using the same stimulation paradigm, we found that DHPG dampened action potential output from OT stimulation in thalamocortical neurons (Fig. 4) . Following recovery, the mGluR 1 antagonist LY367385 (100 M) was bath applied, and subsequent application of DHPG did not alter the suprathreshold excitation of the thalamocortical neurons ( Fig. 4 ; n ϭ 4).
Presynaptic mGluR 1 regulates retinogeniculate transmission
To further determine whether the suppressive actions via mGluR 1 activation results from presynaptic and/or postsynaptic mechanisms, we used multiple approaches: paired-pulse stimulation and recording of postsynaptic NMDA responses. The synaptic responses to paired-pulse optic tract stimulation were used to determine a paired-pulse ratio (PPR: EPSC 2 / EPSC 1 ) (Zucker and Regehr, 2002; Chen and Regehr, 2003) . AMPAR EPSCs were pharmacologically isolated and paired- . mGluR 1 -mediated depression of synaptic transmission is a presynaptic phenomenon. Ai, Paired-pulse stimulation of OT (50 ms ISI) resultedinpaired-pulsedepressionoftheAMPAREPSCsinthalamocorticalneurons.DHPG(25M)attenuatesEPSC 1 andEPSC 2 todifferingdegrees. Aii,TimecourseofDHPG-induceddepressiononEPSC 1 (f)andEPSC 2 (U).Aiii,Populationdatarevealthatpaired-pulseratio(PPRϭEPSC 2 /EPSC 1 ) issignificantlyincreasedafterDHPGapplication.Bi,Inadifferentneuron,paired-pulsestimulationofOT(75msISI)producesafacilitationofNMDAR EPSCs.DHPG(25M)depressesEPSC 1 andEPSC 2 toadifferentdegree.Bii,TimecourseofDHPG-induceddepressiononEPSC 1 (f)andEPSC 2 (U). Biii,PopulationdatarevealthatDHPGsignificantlyincreasesthePPR.*pϽ0.01. pulse OT stimulation (50 ms ISI) resulted in paired-pulse depression (PPD) of the AMPAR EPSCs (Fig. 5A) (Turner and Salt, 1998) . DHPG (25 M) differentially suppressed EPSC 1 and EPSC 2 leading to an increase in PPR (Fig. 5Aii) . In our sample of cells (n ϭ 8), the PPR was significantly increased from 0.31 Ϯ 0.01 to 0.54 Ϯ 0.05 ( Fig. 5Aiii ; p Ͻ 0.002, paired t test). In a different subset of neurons, NMDAR EPSCs were evoked with 75 ms ISI, which produced robust paired-pulse facilitation (Fig.  5Bi) . Subsequent application of DHPG strongly depressed EPSC 1 and EPSC 2 differentially resulting in a significant increase in PPR (Fig. 5Bii,iii; control, 1.61 Ϯ 0.16; DHPG, 2.58 Ϯ 0.25; n ϭ 7; p Ͻ 0.001, paired t test).
Our findings indicate that mGluR 1 -induced suppression of retinogeniculate fast synaptic transmission results from presynaptic mechanisms. To directly test a potential postsynaptic mechanism, NMDA currents were elicited by focal application of NMDA (200 M) via pressure ejection (2 psi, 10 ms) in the presence of 1 M TTX. When applied at 10 s intervals, NMDA produced repeatable, consistent-amplitude, transient inward currents (Fig. 6 A) . DHPG (25 M) application produced an inward current but did not attenuate the NMDAR currents. In fact, DHPG produced a significant facilitation of the NMDAR currents (Fig. 6 B; control, 261 Ϯ 52 pA; DHPG, 326 Ϯ 66 pA; n ϭ 6; p Ͻ 0.008, paired t test). Overall, our data indicate that the mGluR 1 -mediated suppression of retinogeniculate synaptic transmission occurs via presynaptic mechanisms.
Activity dependence of mGluR 1 -mediated suppression of retinogeniculate transmission
We next tested whether the mGluR 1 -mediated suppression of retinogeniculate excitation could be produced endogenously. By using trains of stimuli that closely resemble reported activity of retinal ganglion cell discharge, we determined whether this could engage the mGluR 1 -dependent suppression. After obtaining a stable synaptic response with single shock stimulation (0.05 Hz), tetanic stimulation was then applied to the OT (10 -200 Hz, 10 pulses, 3-5 trains, 1 s interval, 100 -350 A), and we examined their effect on subsequent single shocks thereafter. Lowfrequency tetanic stimulation (10 Hz) did not alter the synaptic responses (Fig. 7Ai) . In contrast, high-frequency tetanic stimulation (50 -200 Hz) resulted in a reversible suppression of the synaptic responses similar to the mGluR agonist (compare Figs. 1 B,  7Aii) . We next examined whether high-frequency tetanic stimulation could attenuate NMDAR EPSCs. After obtaining a stable baseline with single shock stimulation (0.1 Hz), tetanic stimulation of different frequencies (10 -200 Hz, 10 pulses, 3-5 trains, 1 s interval) was applied. NMDAR EPSCs were attenuated in a frequency-dependent manner (Fig. 7 B, C) . During 10 Hz stimulation, the NMDAR EPSC charge was not significantly altered (92 Ϯ 2.9% control; n ϭ 4; p Ͼ 0.1, paired t test). However, at higher stimulus frequencies, the NMDAR EPSC was significantly attenuated (Fig. 7 B, C; 50 Hz: 65.2 Ϯ 3.4%, n ϭ 5, p Ͻ 0.01; 200 Hz: 53.6 Ϯ 5%, n ϭ 8, p Ͻ 0.008, paired t tests). Considering that this tetanic stimulation-induced suppression of the EPSC could arise from multiple possible mechanisms, we next tested whether the suppression was dependent on mGluR 1 activation. Highfrequency tetanic stimulation (200 Hz, 10 pulses, 3-5 trains, 1 s interval) significantly suppressed the NMDAR EPSC ( Fig. 7D ; 61.7 Ϯ 4.6% of control; n ϭ 4; p Ͻ 0.008, paired t test). In the presence of selective mGluR 1 antagonist CPCCOEt (150 M), subsequent tetanic stimulation did not significantly alter the NMDAR EPSC (Fig. 7 D, E; 91 Ϯ 3.8% of control; n ϭ 4; p Ͼ 0.05, paired t test). These data indicate that the high-frequency tetanic stimulation of OT could activate mGluR 1 and thereby depresses AMPAR-and NMDAR-mediated synaptic transmission.
We further hypothesized that the reduction of postsynaptic currents could be attributable to an activity-dependent activation of presynaptic mGluR 1 . Thus, we examined whether mGluR 1 may be activated during high-frequency OT stimulation and determined the possible effects of blockade of mGluR 1 on the shortterm plasticity of AMPAR-mediated EPSCs at retinogeniculate synapses. AMPAR EPSCs were recorded by stimulating OT at different frequencies (5, 20, 100 Hz, 10 pulses) in control condition and in the presence of LY367385 (100 M; n ϭ 4) or CPCCOEt (150 M; n ϭ 1). After obtaining a stable baseline response with different frequencies, mGluR 1 antagonist LY367385 or CPCCOEt was bath applied for 5-7 min. We found that the rate of synaptic depression at higher frequency (100 Hz) was markedly relieved by mGluR 1 antagonists as the PPD was decreased in a frequency-dependent manner compared with control (Fig. 8Bi,iii) . It is also evident that, at higher stimulus frequencies, there is an endogenous influence of mGluR 1 activation of the frequency depression (Fig. 8, compare Aii, Bii). The PPD was not significantly altered during low-frequency stimulation (20 Hz, 10 pulses) (Fig.  8Ai,ii) . Analysis of PPR (EPSC 2 /EPSC 1 ) reveals that there was no significant alterations in PPR by mGluR 1 antagonists at 20 Hz trains (control, 0.45 Ϯ 0.12; LY/CPCCOEt, 0.50 Ϯ 0.10; p Ͼ 0.3; n ϭ 5; paired t test; Fig. 8Aiii ). However, analysis of PPR revealed a significant increase in PPD in the presence of mGluR 1 antagonists at 100 Hz (control, 0.36 Ϯ 0.09; LY/CPCCOEt, 0.48 Ϯ 0.10; p Ͻ 0.02; n ϭ 5; paired t test; Fig. 8Biii ). These data suggest that the activation of presynaptic mGluR 1 decreases the probability of neurotransmitter release and limits the relative amount of neurotransmitter available for subsequent release.
Glutamate spillover activates mGluR 1 Our results suggest that glutamate spillover might occur during higher frequency synaptic activity and thereby enable activation of extrasynaptic receptors. Spillover from synapses is usually restricted by the presence of powerful glutamate reuptake mechanisms (Arnth-Jensen et al., 2002) . If the mGluRs are activated by accumulation of glutamate spillover, we speculate that blocking glutamate reuptake should mimic the actions of mGluR 1 agonist by suppressing the synaptic response. We investigated whether blocking reuptake of glutamate by the inhibitor DL-threo-␤-benzyloxyaspartic acid (DL-TBOA) would lead to activation of presumably extrasynaptic mGluR 1 . To test this, we examined the effects of DHPG and TBOA on the amplitudes of AMPA EPSC in the same neurons. DHPG (25 M) reduced the EPSC amplitude to 59.8 Ϯ 3.8% ( p Ͻ 0.0008; n ϭ 4; Fig. 9A ) from the baseline in a reversible manner. After recovery, bath perfusion of TBOA (30 M) suppressed the EPSC amplitude to 52.5 Ϯ 3.3% ( p Ͻ 0.0002; n ϭ 4; Fig. 9A ). We further examined whether the effects of TBOA are blocked in the presence of mGluR 1 antagonists. In control conditions, TBOA reduced EPSC amplitude to 62 Ϯ 3.2% ( Fig. 9B ; p Ͻ 0.0004; n ϭ 9) and partially recovered (91 Ϯ 2.7%; n ϭ 6). In the presence of LY367385, the suppressive actions of TBOA on EPSC were partially but significantly blocked (87 Ϯ 4.2%; p Ͻ 0.01; n ϭ 5; Fig. 9 B, C) . These results indicate that blocking glutamate transporters increases spillover to activate extrasynaptic mGluR 1 on retinal terminals.
Discussion
In this study, we provide novel evidence that presynaptic mGluR 1 regulates retinogeniculate excitation, which in turn strongly influences thalamocortical neuron output. Considering the retinogeniculate synapse serves as the primary visual input to the thalamus and subsequently primary visual cortex, presynaptic regulation of this afferent pathway can significantly shape visual information transfer. Our data demonstrate that pharmacological or endogenous activation of mGluR 1 regulates fast glutamatergic synaptic excitation mediated by both NMDAR and AMPARs. While activation of mGluRs in thalamocortical circuits is more readily associated with top-down (corticothalamic) modulation, this presynaptic mechanism at the primary sensory input could significantly regulate thalamic gating.
Multiple mGluR subtypes are localized in the CNS and activation of these receptors is associated with multiple physiological effects (Nakanishi, 1992 (Nakanishi, , 1994 Conn and Pin, 1997; Schoepp et al., 1999; Niswender and Conn, 2010) . In thalamus, group I mGluRs (mGluR 1 and mGluR 5 ) are typically associated with excitation (Turner and Salt, 2000; Cox, 2006b, 2009) , whereas group II (mGluR 2 , mGluR 3 )/group III (mGluR 4 , mGluR 7 , mGluR 8 ) mGluRs are associated with inhibitory processes Eaton, 1991, 1994; Cox and Sherman, 1999; Turner and Salt, 1999; Alexander and Godwin, 2005; Govindaiah and Cox, 2006b ). Furthermore, localization of specific mGluRs can lead to differential actions as well. For example, mGluR 1 and mGluR 5 are differentially distributed and exert distinct physiological effects in visual thalamus (Godwin et al., 1996a,b; Vidnyanszky et al., 1996; Rivadulla et al., 2002; de Labra et al., 2005; Govindaiah and Cox, 2006b ). Previous anatomical studies have indicated that mGluR 1 s are localized postsynaptically on thalamocortical neurons and mGluR 5 on intrinsic in- Figure 8 . Blockade of mGluR 1 reduces PPD during high-frequency stimulation. Ai, Representative current traces reveal marked reduction in second pulse and subsequent leveling of the EPSC amplitude with tetanic stimulation of OT (20 Hz, 75 A, 10 pulses) in control (black) and in presence of mGluR 1 antagonist LY367385 (100 M, gray). Right, Examples of first two synaptic responses of the tetanus (EPSC 1 and EPSC 2 ) at expanded timescale. Synaptic responses were evoked in the presence of SR95531. Aii, Graph revealing frequency-dependent suppression of the EPSC (normalized to initial EPSC) before (control, black) and in the presence of LY367385 (gray). Aiii, Population data reveal no significant alterations in PPR by mGluR 1 antagonists (n ϭ 5; paired t test). Bi, Representative current traces in response to high-frequency stimulation (100 Hz, 75 A, 10 pulses) before (black) and in presence of LY367385 (100 M; gray). Expanded EPSC 1 and EPSC 2 are shown at right. Note the marked increase in PPR in LY367385. Bii, Graph illustrating the frequency-dependent suppression before (control, black) and in the presence of LY367385. Biii, Population data reveal a significant increase in PPR by mGluR 1 antagonists (n ϭ 5; paired t test). *p Ͻ 0.02.
terneurons (Godwin et al., 1996b; Vidnyanszky et al., 1996; Govindaiah et al., 2012) . Activation of mGluR 1 elicits longlasting depolarization in thalamocortical neurons resulting from corticothalamic excitation, but not retinogeniculate afferent stimulation (von Krosigk et al., 1993 (von Krosigk et al., , 1999 Turner and Salt, 2000) . In contrast, tetanic stimulation of retinogeniculate afferents leads to an increase in GABAergic inhibition via mGluR 5 activation of presynaptic dendrites of intrinsic interneurons that subsequently innervate the thalamocortical neurons (Govindaiah and Cox, 2006b ). In addition, activation of mGluR 5 , but not mGluR 1 , elicits membrane depolarizations in interneurons (Govindaiah and Cox, 2006b ).
Our present data provide a novel role of mGluR 1 in thalamic circuitry in that activation of these receptors dampens retinogeniculate excitation and subsequently influences output of thalamocortical neurons. An interesting and significant issue related to this finding is the source of glutamate that leads to this presynaptic mGluR 1 activation. The suppressive actions of mGluR 1 are mediated via decreased glutamate release from retinogeniculate afferents as revealed by paired-pulse stimulation paradigm. In the present study, the agonist DHPG significantly altered the paired-pulse ratio, consistent with the role of presynaptic mGluR 1 in regulation of glutamate release from retinal terminals. In addition, DHPG did not suppress postsynaptic NMDA currents evoked by agonist application. Although group I mGluRs are usually associated with facilitation of glutamate release, activation of group I mGluRs has also been shown to decrease glutamate release in multiple brain regions (Gereau and Conn, 1995; Rodríguez-Moreno et al., 1998; Mannaioni et al., 2001; Watabe et al., 2002; White et al., 2003) . Direct ultrastructural evidence of mGluR 1 on presynaptic retinogeniculate terminals is lacking, but these cells are positive for mGluR 1 ; however, it is not clear whether the receptors are only within the dendritic arbor and not in axonal terminals (Hartveit et al., 1995; Peng et al., 1995; Tehrani et al., 2000) . The mechanisms underlying the presynaptic actions of mGluRs in inhibiting glutamate release and physiological implications are unclear. It has been hypothesized that the mGluRs are coupled to inhibitory pathway in which activation of mGluR 1 s inhibits glutamate release following desensitization (Rodríguez-Moreno et al., 1998) . In this scheme, the mGluR is phosphorylated by protein kinase C to become coupled to the inhibitory pathway. As the mGluR becomes phosphorylated, the production of diacylglycerol decreases and results in subsequent dampening of presynaptic Ca 2ϩ influx. Alternatively, it has been suggested that phosphorylated mGluRs become coupled to a pertussis toxinresistant G-protein whose activation conveys the inhibition of glutamate release, probably by a block of presynaptic Ca 2ϩ channels.
In the present study, we found suppression of glutamatergic transmission associated with high-frequency activation of retinogeniculate afferents. We speculate that the high-frequency afferent activity leads to spillover of glutamate that may in turn act on extrasynaptic mGluRs on retinal terminals. Our present data revealed the blockade of glutamate transporters with TBOA suppresses retinogeniculate signaling, supporting the notion that mGluR 1 s are activated by glutamate spillover. At hippocampal mossy fibers synapses, presynaptic mGluRs are not activated by low levels of glutamate release during low-frequency activity; however, when glutamate concentrations are increased by higher-frequency activity, these receptors become activated, leading to a rapid inhibition of transmitter release (Scanziani et al., 1997) . Thus, the activity-dependent suppression of excitation found in the present study, at least in part, is due to the activation of extrasynaptic mGluR 1 via spillover following strong afferent activation.
How presynaptic mGluR 1 modulation contributes to the transfer of information from the retina to the cortex is an important issue. We hypothesize that the presynaptic mGluR 1 s are engaged during high-frequency activation of retinal afferents and may play crucial role in faithful information transfer to, and through the thalamus. Our data indicate that mGluR 1 antago- nists significantly relieved the paired-pulse depression during high-frequency stimulation of retinal afferents; indicate that these receptors are activated in an activity-dependent manner. Retinal ganglion cells in rodents have been shown to fire at rates ranging from 100 to 500 Hz in response to photostimulation (Stone and Pinto, 1993; Nirenberg and Meister, 1997) . By effectively limiting the relay of visual information to those retinal ganglion cells that respond to a change in light stimuli with a robust discharge of action potentials, presynaptic mGluR 1 modulation may be one of the mechanisms that dampens overexcitation of thalamocortical neurons. The result would be more faithful information transfer through the thalamus. This novel regulation of primary sensory information could have a significant influence on thalamic gating. Furthermore, given the complex actions of mGluRs within thalamic circuitry, it is important to understand the physiological conditions that give rise to differential mGluR-mediated actions and their subsequent influence on thalamocortical processing. Our data indicate that these mGluR 1 s represent efficient sensors of extracellular glutamate. Thus, mGluR 1 s are able to accommodate glutamate release to changes in the ambient glutamate concentration through a feedback mechanism. The latter effect may be particularly important in preventing excessive accumulation of extracellular glutamate as a result of repetitive retinogeniculate activity. Future studies at the circuit and systems level will be required to gain a complete understanding of the overall impact of mGluR 1 activation in corticothalamic and retinogeniculate circuits.
